Exposure of adult mammalian myocardium to increased hemodynamic loads augments cardiac protein synthesis, ultimately leading to hypertrophy of the affected chamber. This established relationship between loading conditions and protein synthesis was examined in terms of two questions. First, is there a basic difference between the anabolic effect of a passive load imposed on diastolic myocardium and that of an active load generated by systolic myocardium? This issue was addressed by measuring [ 3 H]phenylalanine incorporation into muscle protein in either quiescent or contracting ferret papillary muscles, set at known isometric lengths. Myocardial protein synthesis increased in proportion to total muscle tension hi each case, with an equivalent relation describing both quiescent and contracting muscles. Synthesis of two contractile proteins, actin and myosin heavy chain, were enhanced by muscle loading. Thus, a quantitative rather than qualitative difference between the anabolic effects of diastolic and systolic loading was demonstrated. Second, since increased sodium influx is an initial cellular response requisite to the growth-inducing activity of many substances, and since sodium entry through stretchactivated ion channels is stimulated by deformation of the sarcolemma, does cardiac deformation during increased loading promote sodium influx as a signal to increase anabolic activity? In either quiescent or contracting papillary muscles, the rate of M Na + uptake was found to increase with load. Streptomycin, a cationic blocker of the mechanotransducer ion channels, was without effect on protein synthesis in stimulated but slack muscles; however, it inhibited, in a dose-related manner, the augmented protein synthesis otherwise observed in contracting muscles developing tension. At 500 fiM, streptomycin did not reduce active tension, but it did reduce the synthesis of both actin and myosin heavy chain. In a second pharmacologic approach, inotropic agents were chosen which uniformly increased muscle tension development but which had contrasting effects on sodium influx. Protein synthesis increased in the presence of Na + influx enhancers, monensin or veratridine; however, protein synthesis decreased in the presence of amiloride, a sodium influx inhibitor. Thus, myocardial protein synthesis varied directly with sodium influx despite the positive inotropic effect observed with each of these agents. In addition, inhibition of protein synthesis by ouabain demonstrated that activation of the Na + pump is required for the anabolic effect of load. This study, therefore, identifies deformation-dependent sodium influx as an early signal in the transduction of load into growth in adult mammalian myocardium. (Circulation Research 1989;64:74-85) A lthough a variety of factors may serve to L \ modulate the rate or extent of myocardial -X. \ . hypertrophy, increased hemodynamic loading itself appears to be the primary factor responsible for compensatory hypertrophy of the pressureor volume-overloaded heart in the adult. '-3 Changes in hemodynamic load have both a direct effect on the heart in terms of mechanical stress and an indirect effect in terms of the resultant deformation. Adult myocardium exhibits a remarkable plasticity in response to either increased or decreased loading in terms of rapid and reversible changes in compo-
sition, structure, and function. It has been clear for some time that augmented myocardial loading in vivo initiates increased protein synthesis, 4 while reduced myocardial loading in vivo causes a decrease in contractile proteins. 3 In beating or quiescent isolated cardiac preparations, enhanced protein synthesis has been shown to result from increases in preload or afterload. Isolated papillary muscles have also demonstrated a rapid increase in protein synthesis when stretched, which is markedly enhanced by contractile activity.
The overall purpose of the present study was to begin to define the mechanisms by which increased load initiates the anabolic activity, which ultimately produces hypertrophic growth in adult mammalian myocardium. The first specific question was that of whether load-induced protein synthesis differs either qualitatively or quantitatively when quiescent papillary muscles are compared with active papillary muscles.
The alteration of intracellular protein metabolism by changes in the external mechanical environment, either with or without associated contractile activity, generated the second specific question. That is, how does the cardiac muscle cell, or cardiocyte, transduce changes in the physical properties of its environment into an intracellular signal that informs the processes of protein synthesis? Germane to this question is the fact that a great variety of cell types, spanning a broad range of phyla, transduce mechanical stimuli into electrical responses. This transduction is well described in protozoa, 9 was conserved during metazoan evolution in such invertebrate animals as the mollusks 10 and insects," 12 and is expressed in such vertebrate mechanoreceptor cell types as hair cells of the auditory, vestibular, and lateral line organs, 13 muscle spindle cells, 14 and pacinian corpuscles, 13 as well as in skeletal myocytes. 16 Each of these cell types has stretchactivated ion channels that, when activated by deformation, allow the gated entry of one or more cations. Channel cation selectivity is rather poor for the mechanorecpetor cells of higher organisms. 1617 In embryonic vertebrate skeletal muscle, deformation increases the conductance of a number of monovalent cations, one of which is Na + . 16 Given the high extracellular sodium concentration in the vertebrate heart and the critical role of sodium influx in initiating growth in a number of mammalian cell types, 18 " 21 including skeletal muscle, 22 the hypothesis examined in this study is that cardiocyte deformation, through active or passive loading, causes sodium influx, which increases the rate of protein synthesis.
Materials and Methods

Isolated Cardiac Muscle Preparation
The methods employed for characterizing papillary muscle mechanics have been described fully 23 and are only briefly summarized here to indicate minor variations unique to the present study. Adult ferrets of either sex (1.0-1.3 kg and 4-6 months old) were chosen because animals of this species usually have at least two distinct, slender (< 1 mm 2 ) papillary muscles in the right ventricle. The presence of several papillary muscles having dimensions suitable for metabolic support by supervision at 29° C 24 in a single right ventricle permitted the analysis of the effects of a given intervention on multiple specimens from the same heart. In addition, substantial pressure-overload cardiac hypertrophy has been demonstrated in this species. 25 Each ferret was anesthetized surgically with ketamine hydrochloride (25 mg/kg i.m.). A midline incision was made through the sternum, and the heart was removed and placed in a 23° C solution containing (mM) CaCl 2 2.5, KC1 4.7, MgSO 4 1.2, KH 2 PO 4 1.1, NaHCO 3 24.0, Na acetate 10.0, NaCl 98.0, dextrose 10.0, and L-phenylalanine 0.4. This solution was equilibrated with 95% O 2 +5% CO 2 , with a resultant pH of 7.4. The papillary muscles then were dissected from the right ventricle and placed in individual myographs containing a chemically defined medium, M-199 with Earle's salts (GIBCO Laboratories, Grand Island, New York), which contained all 20 amino acids and additional vitamins and minerals but no serum or other mitogens. Also added to this muscle superfusate were NaHCO 3 to a final concentration of 24 mM to stabilize the pH at 7.4 at 29° C during prolonged bubbling with 95% O 2 +5% CO 2 ; Na acetate and dextrose, each to a final concentration of 10 mM to provide adequate substrates; and 0.4 mM unlabeled phenylalanine to ensure rapid equilibration of extracellular phenylalanine with that in the intracellular pools.
The chordal end of each muscle was fixed to an isometric strain gauge mounted above the muscle by a tie at the chorda-muscle junction. The ventricular end of each muscle was enclosed rigidly in a clip affixed to a micrometer, which precisely controlled muscle length. The muscles were stimulated at 0.2 Hz with a voltage 5-10% above threshold and gradually stretched until the length that produced maximum isometric tension, L^, was attained.
Tension measurements were made as follows. Each transducer was loaded with known weights before each experiment to produce an output calibrated in milliNewtons. At the termination of each experiment, muscle length was measured with a micrometer and a 0.5 g weight attached to the muscle. Using the length-passive tension data from each muscle, the additional length needed to attain the passive tension at L^ noted during the experiment was added to the muscle length measured with 0.5 g passive tension to obtain the final muscle length at L^,. Since the geometry of each long, slender papillary muscle approximates a cylinder, muscle cross-sectional area is approximately equal to wet weight/length, where wet weight is equivalent to volume when muscle is assumed to have the specific gravity of water. Each of these very small papillary muscles weighed only a few milligrams when wet, such that the error incurred by evaporation while weighing was substantial. However, the determination of protein content 29 in these small samples was quite accurate. Therefore, an empirical linear relation was derived between cardiac muscle wet weight and muscle protein, through the use of either papillary muscles or 10-25 mg segments of the inner free wall of the right ventricle in which myocyte volume is anatomically indistinguishable from that of right ventricular papillary muscles. 30 The linearity of this relation (r=0.989, p<0.05 for n=\0) validated the use of muscle protein as an index of wet weight. Tension values were expressed as mN/mm 2 muscle cross-sectional area. Active tension developed by contracting muscles was calculated by subtracting diastolic passive tension from the total tension observed during systole.
Protein Synthesis
The method used for quantitating net protein synthesis in myocardium was mainly that of Morgan et al 31 in a preparation similar to that of Peterson and Lesch 8 ; any modifications required for its application here to papillary muscle are detailed below.
After L^, was determined, each muscle was set at a known fraction of this length, and active or passive tension were then maintained with or without stimulation, respectively, for 1 hour, at the end of which time a value for active and/or passive tension was obtained. During the next 10-minute period, each muscle was either maintained in the M-199 superfusate or exposed to one of the following agents added to the superfusate at the indicated concentration: 2 fiM oubain; 100 nM amiloride HC1; 3 /xM veratridine HC1; 1, 10, 100, or 500 fiM streptomycin sulfate; 1 ^M monensin with 2 mM methanol; or 1 fiM nigericin with 2 mM methanol. M-199 medium or 2 mM methanol in M-199 medium served as appropriate vehicle controls. Monensin and nigericin were dissolved in methanol rather than ethanol, since the latter has a sevenfold more depressant effect on cardiac active tension development 32 ; 2 mM methanol did not alter ferret papillary muscle active or passive tension in this study. Streptomycin, at the concentrations indicated, did not affect passive tension or active tension. The chosen concentrations of the remaining inotropic agents produced a sustained increase in active tension for the duration of the study but did not alter diastolic tension.
L-[ring-2,3,4,5,6-3 H]Phenylalanine (115 Ci/mmol) was next added to obtain approximately 0.5 /xCi/ml in the muscle superfusate, and each muscle was allowed to incorporate radiolabeled phenylalanine for 30 minutes. For measurements of tritiated phenylalanine in specific muscle proteins, each muscle was allowed an incorporation period of 2 hours with approximately 0.5 mCi/ml in the muscle superfusate. Phenylalanine is not produced or degraded by heart muscle and exchanges rapidly across the cell membrane. 33 The superfusate also contained 0.4 mM unlabeled phenylalanine to ensure equalized specific activities of intracellular and superfusate phenylalanine. 31 The incorporation of [ 3 H]phenylalanine into cardiac muscle was linear for 2 hours, as shown previously. 833 In addition, the access of phenylalanine to the muscle was not altered by increased tension, since the extracellular fluid space relative to tissue wet weight is unchanged by passive stretch of the myocardium. 34 Active and/or passive tension values were obtained at the end of the 30-minute [ 3 H]phenylalanine incorporation period. Each muscle then was rinsed in 5 ml of unlabeled medium, measured for length, debrided of clamp-damaged tissue at the muscle base, and frozen with liquid nitrogen; this procedure required less than 1 minute.
For measurement of general protein synthesis, each muscle was minced, homogenized, and sonicated in ice-cold 5% perchloric acid to denature all proteins and to extract unincorporated [ 3 H]phenylalanine. The muscle pellet was washed four times with cold 5% perchlorate, heated in perchloric acid for 20 minutes at 80° C to remove transfer RNAbound [ 3 H]phenylalanine, cooled, and then washed with perchloric acid two more times. The remaining muscle pellet then was dissolved in 0.2N NaOH. A portion of this solution was assayed for protein content, 29 and the remainder was used to determine 3 H by liquid scintillation counting. Data were corrected for quench by extrapolation. 33 For measurement of specific protein synthesis, each muscle was homogenized in a 2 ml glass homogenizer tube and dissolved in a buffered sodium dodecyl sulfate (SDS) solution containing 5% SDS, 20% glycerol, 0.4 M Tris buffer at pH 7.4, and a protease inhibitor, 1 mM phenylmethylsulfonyl fluoride. A small aliquot was removed to determine muscle protein. 36 A disulfide reducing agent, 0.5% 2-mercaptoethanol, was added to the dissolved muscle, which was then boiled for 2 minutes. A tracking dye, 0.01% pyronin Y, was added to this protein solution, which was layered on a stacking slab gel containing 4% acrylamide, 0.1% SDS, 0.1% N,N' -methylene-bis-acrylamide, 0.04% N.N.N'N,'tetramethylethylene diamine, 0.04% ammonium persulfate, and 0.4 M Tris buffer at pH 7.1. 37 The stacking gel was polymerized on a separating slab gel, 3 mm in thickness and 18 cm in length, containing 10% acrylamide, 5% glycerol, 0.12% N,N'diallyltartardiamide, 0.04% N,N,N',N' -tetramethylethylene diamine, 0.1% SDS, 0.04% ammonium persulfate, and 0.4 M Tris-glycine buffer at pH 8.S. 38 After electrophoresis at 100 mA/gel and 20° C for approximately 8 hours, the gel was fixed in 10 volumes of 20% trichloroacetic acid (TCA) and 50% methanol for 30 minutes. The TCA was rinsed from the gel by gentle shaking with 5% glacial acetic acid and 50% methanol. The gel was then stained at room temperature for 24 hours in 0.03% Coomassie brillant blue R-250, 50% methanol, and 7% glacial acetic acid and then destained in 30% methanol and 10% glacial acetic acid. The stained bands of muscle proteins and comigrating standard proteins of actin and myosin heavy chain were then cut from the gel and dissolved, and the concentration of each dyestained protein solution was determined by optical absorbance at 560 nm. 38 Each muscle protein solution was compared with known standards from the same gel to obtain the microgram amounts of specific protein. A carrier protein, 100 fig of bovine serum albumin, was added to each protein solution, which was then precipitated in 5% perchlorate and acid-washed three times to remove potentially adherent tritiated phenylalanine. Each protein pellet was then dissolved in 0.2N NaOH and 3 H counted by liquid scintillation. Data were corrected for quench by addition of an internal tritium standard. 35 The general or specific net protein synthesized by each muscle during the [ 3 H]phenylalanine (Phe) incubation period was calculated as Phe incorporation (mol/g protein/hr)=Phe incorporated (dpm/g protein/ hr)/superfusate Phe specific activity (dpm/mol).
Muscle Na + Uptake
To examine the effect of muscle stretch on Na + entry into myocardial cells, 24 NaCl was added to the muscle superfusate described above. The simultaneous addition of r>[U-M C]sorbitol provided a concurrent measure of the extracellular space penetrated by the radiotracers. Since 24 Na has a 15 hour half-life, the long half-life ^-emitter M C was counted from the same samples 1 week later. After L^ was determined, a group of muscles was maintained at L^m for 1 hour with stimulation, and then was exposed to both 24 Na + (1 /iCi/ml) and [ M C]sorbitol (0.5 fiCVml) for either 5, 10, or 20 minutes in order to determine an incubation time that was both within the linear region of intracellular 24 Na + uptake and within the 30 minutes period of protein synthesis measurements in the protocol described earlier. As shown in Figure 1 , 24 Na + uptake was linear after a 5 minute incubation period. Na + uptake, or influx minus efflux, was measured since complete inhibition of the Na + pump by ouabain to prevent Na + efflux caused a marked inotropic effect that alters muscle tension, which was a controlled variable in this study. Accordingly, maximal tension at Lŵ as initially determined for each muscle, and then the muscle was maintained either at h nax or at a slack length of approximately 65% of L^ for 1 hour, with or without stimulation, and muscle tension was again measured. As in the case for protein synthesis, 500 /iM streptomycin or the vehicle, M-199 medium, was applied 10 minutes before the addition of M Na + and [ l4 C]sorbitol. At the end of the subsequent 24 Na + and [ l4 C]sorbitol incorporation period, each muscle was rinsed in 5 ml of unlabeled medium, measured for length, debrided of clampdamaged tissue at the muscle base, and frozen with liquid nitrogen. INCUBATION TIME (mln)
The uptake of 24 Na + in papillary muscles with time. Each point is the mean uptake of 24 Na*±SE for five muscles, and the Na + uptake increased in a linear manner during the first 10 minutes of incubation. In all subsequent experiments, the rate of *VVa + uptake was determined for the first 5 minutes of incubation.
The radioactivity of each muscle, along with a sample of the muscle superfusate, were measured immediately in a gamma counter to quantitate the 24 Na + content. The muscle and superfusate samples then were stored at -70° C for 1 week, or 10 half-lives of 24 Na, in order to allow decay of this radioisotope. Each muscle then was dissolved in 0.2N NaOH, and a portion of this solution from each muscle was assayed for protein content. 29 The remainder of each muscle and an aliquot of superfusate from each muscle were used to determine [ l4 C]sorbitol by liquid scintillation; data were corrected for quench by extrapolation. 35 The net intracellular muscle 24 Na + accumulation during a 5 minute incubation period, or the rate of 24 Na + uptake, was calculated as rate of 24 Na + uptake=intracellular 24 Na + /mg protein/5 min=(total 24 Na + -extracellular 24 Na + )/mg protein/5 min. The extracellular muscle 24 Na + content was calculated as extracellular 24 Na + =(superfusate 24 
represented muscle extracellular fluid space at the end of the incubation period. As in previous reports in stretched myocardium, 3439 tension did not alter radiotracer access to muscle, as extracellular water space relative to muscle wet weight was equivalent in all muscle groups.
Statistical Analysis
For grouped data, each value was expressed as mean±SE. Relations between two variables were examined by linear regression of one factor on another and expressed as a correlation coefficient. A statistical difference in data values when treated papillary muscles were compared with control muscles from the same ventricle was sought via a paired Student's t test. Data for papillary muscles derived from several experimental groups were initially . The length-tension values for a single papillary muscle. As muscle length was increased by stretch, muscle active and passive tension were also increased until active tension attained a maximum at a muscle length termed L max . The sum of passive tension plus active tension is the total tension at any given muscle length.
compared by a one-way analysis of variance and, if a difference was detected, subsequently examined for intergroup differences by a Newman-Keuls t test. Significant differences were said to exist at the p<0.05 level.
Results
Effect of Tension on Protein Synthesis
The length-tension relation was defined for each muscle, as shown in Figure 2 . Active tension increased with muscle length in each instance up to the Lnuui value and then fell sharply at lengths beyond L ,^. Measurable passive tension became evident at muscle lengths above 70% of L^ and increased progressively at greater lengths. Figure 3 illustrates the linear relation between myocardial protein synthesis and either the passive tension of quiescent myocardium or the total tension of contracting myocardium. When this relation was generated separately for the quiescent and contracting papillary muscle groups, the linear regression lines were found to be statistically coin-cident, with no differences in either slopes or vertical intercepts. Thus, no separate effect of contractile activity on protein synthesis was found; the greater anabolic effect in contracting muscles related solely to the greater total tension shown by this group. In addition, protein synthesis was the same for both stimulated muscles set at isometric lengths short enough to produce no active tension and quiescent muscles under similar passive tensions. Synthesis of actin and myosin heavy chain was also enhanced by tension developed in contracting muscles stretched to L^ when compared with slack muscles, as shown in Figure 4 .
Effect of Tension on Rate ofNa + Uptake
A comparison of Na + uptake rates in quiescent and contracting groups of papillary muscles either at a slack length or stretched to L^ is shown in Figure 5 . Increased muscle length, and therefore tension, resulted in an increased rate of Na + uptake in both quiescent and contracting muscles. The net increase in Na + by muscles at !."" over those at . The effect of tension on myocardial protein synthesis. For each quiescent muscle (D), the tension was entirely passive tension, while for each contracting muscle (•), the tension was total tension and represented the sum of the passive tension plus the active tension developed during contraction. When the linear regressions of phenylalanine incorporated into muscle protein versus tension for quiescent and contracting muscle groups were compared, no difference in either intercept or slope was found (p>0.05). Since the lines were coincident, the equation and correlation coefficient shown are for the combined data from both groups. slack length, in both quiescent and contracting groups, indicated a net increase in the influx of Na + into muscle under increased tension. As was the case for protein synthesis, the same rate of Na + uptake was found in quiescent or contracting muscles at short lengths where active tension development did not occur. In addition, a greater rate of Na + uptake was observed in contracting, stretched muscles than that which was observed in quiescent, stretched muscles. Streptomycin has been reported to impair Na + entry through stretch-activated channels, 40 and we found 24 Na + uptake in the presence of 500 /iM streptomycin to be significantly reduced to 78.7 ±5.6% when compared with untreated controls; each of these five pairs of muscles was stimulated and stretched to L^.
Effects of Agents That Alter Na + Ir\flux on Protein Synthesis
The results thus far obtained indicated that myocardium subjected to greater passive tension or developing greater active tension exhibited both increased Na + influx and increased protein synthesis. To establish Na + influx as a transducing link between tension and protein synthesis, these two factors needed to be altered independently, even though they are normally inextricably linked, as is shown in Figure 5 . Therefore, two pharmacological approaches were employed to independently alter tension and Na + influx, while observing the effects on protein synthesis.
First, a nonselective inhibitor of stretch-activated cation channels, streptomycin, was used to provide a generalized reduction of the Na + influx observed before in Figure 5 in myocardium stretched to Lâ nd stimulated; streptomycin was used in concentrations which did not affect passive or active tension. As shown in Figure 4 , 500 /AM streptomycin reduced the synthesis of actin and myosin heavy chain in contracting muscles stretched to L^. More importantly, streptomycin differentially reduced protein synthesis in stretched myocardium, in a dose-related manner from 10 to 500 /xM, but did not reduce protein synthesis in slack muscles, as shown in Figure 6 . Within this concentration range, streptomycin impaired the anabolic effect of increased stretch or tension on the myocardium, without impairing the cation influxes necessary for stimulated contraction of the myocardium. Since this drug is also reported to markedly inhibit the . The effect of tension on the rate of "Na* uptake into quiescent and contracting muscles. The rate of M Na + uptake in cardiac muscle was increased significantly in muscles stretched to L^ when compared with nonstretched muscles at a slack length; this was true for both quiescent and contracting muscles. This net increase in 24 Na + uptake by stretched muscles indicates a greater influx of Na* induced by stretch for both quiescent and contracting muscles. Each asterisk indicates a significant difference (p<0.05) between five pairs of stretched and nonstretched muscles within an experimental group. . Effect of streptomycin on protein synthesis in stretched and nonstretched contracting muscles. Relative protein synthesis is expressed on the ordinate as 100 times the ratio of phenylalanine incorporation into protein per hour for a streptomycin-treated muscle relative to a paired, nontreated control from the same ventricle. Each symbol represents the mean±SE for five or six muscle pairs. Each asterisk indicates a significant difference (p<0.05) both between stretched and nonstretched muscle groups at the same streptomycin concentration, and between stretched muscle groups treated with higher streptomycin concentrations when compared with the stretched muscle group treated with 1 fj.M streptomycin. Thus, protein synthesis was reduced by streptomycin, in a dose-related manner, in contracting muscles stretched to L^, but was not affected in nonstretched muscles at a slack length.
stretch-activated cation channel, 40 and this drug also inhibited Na + entry into myocardium in the present study, we would suggest that Na + influx may have mediated the observed anabolic effect of cardiac tension development.
In the second pharmacological approach, a series of Na + influx-selective inotropic agents was used on stimulated myocardium stretched to L^; each agent selectively altered Na + influx in a different way, but all agents increased active tension. The effects of these inotropic agents on tension development and protein synthesis are summarized in Table 1 . The dose-related inotropic action of veratridine, 41 monensin, 4243 amiloride, ouabain, 46 and nigericin 42 have been described before; each agent caused a significant increase in active tension in the present study.
The sites of action of the agents studied and their effects on the movement of Na + across the sarcolemma is shown in Figure 7 . In contracting myocardium stretched to L^, the additional Na + influx induced either by veratridine 4147 or by monensin 48 was accompanied by increased protein synthesis. Conversely, the known inhibition by amiloride of passive Na + influx, 21 was accompanied by decreased protein synthesis. These results in contracting myocardium indicate that, despite the increased active tension in each case, an increased influx of Na + is associated with greater protein synthesis, and a decreased influx of Na + is associated with reduced protein synthesis.
The additional question examined in this second pharmacological approach was whether myocardial stretch caused increased Na + uptake, and a consequent anabolic response, by the indirect inhibition of myoplasmic Na + efflux. Inhibition of Na + ,K + -ATPase by ouabain indirectly increases intracellular Na + and decreases intracellular K*, 46 as shown in Figure 7 . As shown in Table 1 , ouabain decreased protein synthesis, as has been reported previously. 49 Since the loss of intracellular K + has been reported to markedly impair protein synthesis, 50 the loss of intracellular K + caused by nigericin 48 was accompanied as expected by decreased protein synthesis, as shown in Table 1 . The results with ouabain and nigericin suggest that a continued loss of cell K + may impair protein synthesis and prevent the anabolic effect of"greater Na influx. Thus, increased tension, or stretch, induced a direct increase in Na influx into the myoplasm rather than indirectly blocking Na efflux by inhibition of Na,K-ATPase.
Considered together, these results indicate that deformation of quiescent or contracting myocardium promotes via a stretch-sensitive cation channel an increase in Na + influx that, in turn, initiates a parallel increase in protein synthesis.
Discussion
An extensive body of work both from this and from other laboratories 3 demonstrates a remarkable plasticity of the structure, function, and composition of adult mammalian myocardium in response to alterations in the cardiac loading environment. Either increased or decreased loads, within broad limits of extent and duration of the load change, produce FIGURE 7 . Summary of the effect of selected agents on ion movements across the sarcolemma. Streptomycin non-selectively blocks Na* entry through the stretch-activated cation channel. Na* entry into the myoplasm is enhanced either by veratridine activation of the fast Na* channel or by the Na*-selective ionophore, monensin. Passive Na* entry by exchange with H* via the antiport is blocked by amiloride. The efflux of myoplasmic Na* and concomitant uptake of K* by Na*,K*-ATPase is inhibited by ouabain. Nigericin, a K*selective ionophore, also causes a loss of myoplasmic potassium.
fully reversible changes in each of these myocardial properties. This is true both for cardiac overloading with eventual hypertrophy 30 -51 -33 and for cardiac underloading with eventual atrophy. 52354 Such changes represent a primary load effect on the myocardium rather than being mediated by secondary effects of hemodynamic alterations. 55 Load regulation has also been demonstrated for isolated adult cardiac muscle cells, which both atrophy in response to decreased loading 56 and exhibit markers of hypertrophic growth induction in response to increased loading. 57 Based on these earlier findings, the present study focused on the means by which reversible changes in load are transduced into reversible changes in cellular properties of adult myocardium.
Load Responsiveness of Myocardial Protein Synthesis
An early event in the hypertrophic response of the heart to hemodynamic overloads is an increase in protein synthesis. 12 It is clear from these studies that stretch of the ventricular wall during hemodynamic overloading is the mechanical factor most closely related to increased protein synthesis. In an early study of the interaction of cardiac mechanics with protein synthesis in isometric isolated papillary muscles, 8 both the imposition of passive tension and the development of active tension were shown to result in increases in amino acid uptake and protein synthesis. Since tetrodotoxin does not block stretch-induced cardiac protein synthesis, 7 the action potential itself does not contribute independently to these anabolic effects. Yet it has not been clear whether the greater protein synthesis seen in muscle developing active tension is the result of greater total tension or the independent effect of muscle contraction. The data shown in Figure 3 of the present study indicates that the same direct relation of increased tension to increased protein synthesis in papillary muscles applies whether the muscles are contracting or quiescent; the greater stimulation of protein synthesis seen in contracting muscles would appear to be solely a function of the greater total tension imposed on and developed by these muscles. Because the common result of either actively developed stress or passively imposed stress is deformation, this result suggests that stress-induced cardiac deformation through hemodynamic loading is the critical event underlying the induction of cardiac hypertrophy.
Cell Deformation and Growth
Adherence to an extracellular matrix has been associated with growth of a variety of cultured cell types. 58 -59 Adult ventricular cardiocytes maintained in serum-free suspension culture become spherical and lose their contractile proteins, but cells passively loaded via substrate adhesion retain their differentiated structural features and contractile proteins. 56 Indeed, adult cultured cardiocytes adherent to a deformable membrane exhibit de novo synthesis of RNA and proteins when the substrate, and thus the cells, are stretched. 57 Similar changes occur in vivo in the cardiocytes of surgically unloaded papillary muscles: Such cells atrophy and lose contractile proteins, but restoration of muscle loading restores the differentiated features of the constitutent cardiocytes. As shown in Figure 4 of the present study, either imposed or developed force in isolated, contracting papillary muscles causes increased synthesis of actin and myosin, a marker for the initiation of cardiocyte hypertrophy.
Transduction of Load Into Growth
Signal generation. Membrane ion channels are among the most important routes by which environmental information reaches the interior of the cell 60 ; a virtually ubiquitous response to deformation of a variety of cell types 9 -17 is the activation of these channels. The description of such stretch-activated ion channels has been particularly complete for the hair cells of the acousticolateralis system 13 and for embryonic chick skeletal muscle cells. 16 This voltageindependent ion channel, which is not the tetrodotoxin-sensitive fast sodium channel, has a conductance rate that varies as the square of cell membrane tension. 61 This stretch-activated ion channel is cation selective in higher animals, but it discriminates poorly among different cations. 17 However, given the high extracellular sodium concentration in vertebrates, one would expect sodium influx to be the major result of ion channel activation for cells other than the hair cells in the endolymph, which has a high potassium concentration. 61 As shown by Figure 5 in the present study, tension-induced deformation of cardiac muscle, whether quiescent or contracting, results in increased sodium influx.
This mechano-electric transduction process in sensory hair cells from a variety of lower and higher vertebrates has been shown to be impaired by streptomycin, a cationic aminoglycoside antibiotic 62 ; the streptomycin-induced deafness in man is a wellknown clinical example. 63 Streptomycin acts as a blocker of this stretch-dependent cation channel at 500 /AM 40 ; at this same concentration, it significantly reduced the 24 Na + uptaken by cardiac muscle in the present study. Thus, signal generation coincident with striated muscle cell deformation does occur and consists of sodium influx via stretch-activated ion channels.
Growth stimulation. As pointed out in a recent review, 18 no naturally occurring cellular growth factor has been found that does not also stimulate sodium influx. Mitogen-induced sodium influx is a rapid and ubiquitous growth initiating event, with mitogen potency varying with the degree of sodium influx stimulation. 18 In terminally differentiated cells, such stimulation can result in cellular hypertrophy, with the expression of proteins characteristic of the differentiated phenotype. 64 -66 Based on the above information about deformation-sensitive cation channels, the deformation-dependent sodium influx data reported herein, and the importance of sodium influx in the growth stimulation of many cell types, we suggest that stretch-dependent sodium influx in adult cardiac muscle constitutes a mechanism for the transduction of load into growth in this tissue. As shown in Figure 6 , streptomycin inhibited in a dose-related manner the load-induced anabolic effect seen in contracting myocardium, but it did not affect protein synthesis in slack, quiescent muscles. As shown in Figure 4 , streptomycin also reduced synthesis of the contractile proteins, actin and myosin, which are characteristic of the differentiated cardiocyte. Although this antibiotic does not combine with the 40S ribosomal subunit in eukaryotes, as it does with the 30S subunit in susceptible prokaryotes, 67 the cationic streptomycin appears to compete at binding or transport sites for cations necessary for cellular growth, since it can retard protein synthesis in primary cultures of hepatocytes, 68 neurons, 69 and skeletal myocytes. 70 Such diverse growth responses as the initiation of amphibian limb and muscle regeneration 71 and liver regeneration following partial hepatectomy 18 are immediately preceded by and dependent on amiloride-sensitive sodium influx. 18 The data in Figure 5 of the present study show that either passive or active tension in either quiescent or contracting papillary muscles causes a substantial augmentation of sodium influx. Pharmacologic manipulation of Na + movements across the sarcolemma and the associated anabolic responses of the myocardium are summarized in Figure 7 and in Table 1 . Veratridine activates the voltage-dependent fast sodium channel in excitable cells such as the cardiocyte to increase sodium influx 41 -47 ; it does not increase sodium entry into nonexcitable cells such as fibroblasts. 72 Monensin, a sodium ionophore, also promotes sodium influx, albeit by an artificial sodiumselective channel. 48 Greater sodium influx was associated with enhanced myocardial protein synthesis in each case. In contrast, amiloride, a reversible inhibitor of passive sodium influx, caused decreased protein synthesis, despite an associated increase in active tension generation. This direct relation between myocardial Na + influx and anabolic activity parallels the cellular growth response to Na + influx seen in other cell types described above.
Although ion fluxes are a fundamental requirement for cell growth, sodium influx alone cannot fully support growth induction, since ouabain can prevent this growth response. 18 -49 In the present study, ouabain was found to decrease myocardial protein synthesis, despite the increased tension generated. This indicates that the anabolic effect of myocardial sodium influx depends upon the consequent activation of Na + ,K + -ATPase. The increased myoplasmic sodium promoted by ouabain is accompanied by a loss of myoplasmic potassium, both because of reduced uptake and because of K + efflux as the cell attempts to maintain the membrane potential. The effect of ouabain in causing reduced myoplasmic potassium is shared by nigericin, an ionophore which causes K + efflux, and which also caused decreased protein synthesis in the present study, as shown in Table 1 . Similarly, another potassium-selective ionophore, valinomycin, inhibits the lymphocyte Na + influx-dependent growth response to mitogens, which is restored by increasing extracellular potassium. 73 A continual loss of intracellular potassium will markedly impair protein translation, 50 especially since intracellular K + is required for the elongation process of polypeptide synthesis. 74 Thus, the initial anabolic effect of sodium influx on the myocardium appears to be dependent on concomitant Na + pump activation, which may in turn be needed to sustain the intracellular potassium homeostasis required for protein synthesis.
Load Responsiveness of Skeletal Muscle Growth
A series of interrelated studies from Vandenburgh and Kaufman 22 -75 -76 has shown that a growth response is induced by stretching cultured postmitotic chicken skeletal muscle myotubes. This response, which is blocked by ouabain, is characterized by increased inward amino acid transport and protein synthesis and by a decreased rate of protein degradation. No relation could be found between myotube growth and membrane potential during serum-stimulated Na + influx. 22 In addition, monensin, an ionophore that promotes sodium entry, was found to cause myotube atrophy rather than growth. 22 However, the concentration of monensin used was 20 times greater than that which we found to be effective in producing the anabolic response in the present study, and both for this reason and because monensin alters many cellular processes via its interaction with cellular membranes, 48 this last finding must be viewed with some caution.
Such studies also exemplify the difficulties of attempting to use amino acid uptake as an alternative indicator of protein synthesis. The uptake of an amino acid analogue, a-aminoisobutyrate, is increased by passive stretch of isolated papillary muscles, 34 and during serum-induced growth of isolated myotubes. 75 In both instances, ouabain blocks a-aminoisobutyrate uptake, since a Na + gradient is obligatory for Na + cotransport of aaminoisobutyrate by the membrane carrier. However, increased stimulation frequency of slack myocardium, which increases energy metabolism, also increases a-aminoisobutyrate uptake but fails to increase protein synthesis. 8 Certainly, the lack of any essential amino acid will impair translation, and increased amino acid transport is necessary for increased protein synthesis. However, amino acid transport may also be enhanced in supplying substrates for energy metabolism 77 and is therefore, by itself, an unreliable indicator of the rate of protein synthesis. Since a close correlation is exhibited between the transmembrane Na + gradient and amino acid transport for the type A (alanine-preferring) amino acid carrier in many cell types in vitro, 78 -79 [ 3 H]phenylalanine was used to measure protein synthesis in the present study because it is taken up by heart muscle through the Na + -independent type L (leucine-preferring) amino acid membrane carrier. 80 
Load Responsiveness of Cardiac Muscle Growth
It is clear both from a large body of data generated in other laboratories,'-2 -8 from our earlier work in vivo and in vitro, 3 and from the data in the present study that cardiac muscle responds to underloading and overloading with respective atrophy and hypertrophy, and that maintenance of the differentiated properties of heart muscle is loaddependent as well. Based on the information about deformation-sensitive ion channels and the anabolic effect of Na + influx reviewed above, as well as the deformation-dependent sodium influx shown in Figure 5 , we would suggest that stretch-dependent sodium influx in adult cardiac muscle may constitute a mechanism for the initial steps in the transduction of load into growth in this tissue. The stretch-dependent Na + influx shown in Figure 5 was accompanied by the augmented protein synthesis shown in Figures 3 and 4 , while reduced rates of Na + uptake and protein synthesis were found in nonstretched myocardium, whether stimulated or quiescent. Additional evidence to support this view is provided by the streptomycin effects shown in Figures 4 and 6 . Streptomycin inhibited the loadinduced anabolic effect observed in contracting myocardium but did not affect active tension in contracting muscles nor protein synthesis in slack, quiescent muscles. Thus, the data shown in Figures 4, 5, and 6 and in Table 1 of the present study indicate that the growth response of heart muscle to load may be based on stretch-induced activation of cation channels which results in sodium influx, consequent activation of the Na + ,K + -ATPase pump, and enhanced anabolic activity which may lead to subsequent cellular growth.
Conclusion
The further question not addressed in this study is that of how the stretch-dependent ionic signal is transduced from the cell membrane to the nucleus, with consequent regulation of gene transcription. It is becoming increasingly clear 81 that a number of growth stimulating agents, which directly increase sodium influx, might activate a common transacting cytoplasmic mediator, which is then responsible for activating the genetic apparatus. The indirect effects of stretch-dependent sodium influx might include increased intracelluar pH mediated by Na + ,H + exchange, and increased intracellular calcium promoted by Na + , Ca 2+ exchange.
